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AN ANALYSIS OF TEE PROBLEM OF TANK 

PIiESSURIZATlON DU€UNG OUTFLOW 

by W i l l i a m  H. Roudebush 

Lewis Research Center 

SUMMARY 

A simple one-dimensional model i s  postulated f o r  t h e  probdm of pressur- 
i z ing  a cy l ind r i ca l  tank containing a l iquef ied  gas during outflow. The f l u i d -  
dynamic and hea t - t ransfer  equations are put i n t o  a form convenient f o r  a numer- 
i c a l  approximation. 
given, and t h e  d e t a i l s  of a numerical solut ion are explained. A x i a l  tempera- 
ture d i s t r ibu t ions  i n  t h e  u l lage  gas and t h e  tank w a l l  are a p a r t  of t h e  solu- 
t i o n ,  as w e l l  as t h e  amount of pressurizing gas  required. 

F i n i t e  difference approximations t o  t h e  equations are 

Results are obtained on an IBM 7094-11 computer f o r  1 9  liquid-hydrogen 
examples f o r  which experimental da t a  a re  avai lable  f o r  comparison. These cover 
a wide range of tank pressures,  o u t l e t  flow rates, and pressurizing gas temper- 
a tu re s  and include helium and hydrogen as pressurizing gases. 
calculated with experimental pressurant-mass requirements i s  made ,  and, where 
prac t icable ,  gas and w a l l  axial temperature d i s t r ibu t ions  are a l s o  compared 
with t h e  data. The agreement between t h e  c a h u l a t e d  and experimental results 
i s  good. The average calculat ion time was about 24 seconds per  problem. 

A comparison of 

Some addi t iona l  calculat ions are m a d e  t o  check t h e  e f f e c t s  of (1) using a 
per fec t  gas equation of state i n  t h e  calculat ions,  ( 2 )  f a i l i n g  t o  include hea t  
t r a n s f e r  t o  i n t e r n a l  hardware, and (3) using a hea t - t ransfer  coe f f i c i en t  com- 
puted from a standard free-convection formula. 

INTRODUCTION 

Liquefied gases, such as oxygen, hydrogen, and f luo r ine  are i n  current  use 
o r  are being contemplated f o r  use as rocket propellants.  When such l i q u i d s  are 
expelled from a tank  by t h e  admission of a pressurizing gas, a complicated pat-  
t e r n  of heat  and m a s s  t r a n s f e r  occurs. The ullage gas exchanges heat  with both 
t h e  tank  w a l l s  and t h e  l iquid.  Mass t r ans fe r  m a y  occur a t  t h e  l i q u i d  surface 
or from t h e  wetted tank w a l l s .  Extreme temperatures and temperature changes 
occur, and these  are accompanied by l a r g e  var ia t ions i n  thermal proper t ies  of 
t h e  tank  w a l l  material. Sloshing of t h e  l i qu id  and a var ia t ion  i n  t h e  effec-  
t i v e  grav i ty  f i e l d ,  which may also be encountered, f u r t h e r  complicate t h e  
problem. 



Liquid hydrogen, because of i t s  very low temperature, involves t h e  most 
severe thermal problems. 
f a c t  t h a t  accurate de t a i l ed  experimental da t a  in s ide  a discharging hydrogen 
tank  are  d i f f i c u l t  t o  obtain. The systematic experiments so  f a r  conducted 
(e.g. ,  refs.  1 and 2 )  have employed r e l a t i v e l y  s m a l l  tanks. 
t a i l e d  data  may be expected from l a r g e r  tanks i n  t h e  fu ture ,  such d a t a  may 
never be extensive. 

An inves t iga t ion  of t hese  problems is  hampered by t h e  

Although some de- 

It is important, under t h e  circumstances, t o  proceed ana ly t i ca l ly  toward a 

A start can be made with an ana lys i s  

Such an analysis  i s  

better understanding and predic t ion  of i n t e r n a l  tank  phenomena such as temper- 
a t u r e  d i s t r ibu t ion  i n  t h e  u l lage  gas. 
t h a t  excludes such complicating f a c t o r s  as s loshing and zero gravi ty  f i e l d s ,  
although these  w i l l  be important i n  some appl icat ions.  
given by Arpaci and Clark i n  reference 3 and r e l a t e d  papers. The ana lys i s  pro- 
vides  a means f o r  predict ing pressurant  requirements and gas-to-wall hea t  
t r a n s f e r ,  as w e l l  as temperature d i s t r i b u t i o n s  i n  t h e  gas and i n  t h e  w a l l .  
Thus, the e f f e c t s  on these  quan t i t i e s  of a va r i e ty  of parameters could be in-  
vest igated ana ly t ica l ly .  A number of assumptions, however, a r e  made i n  t h e  
ana lys i s  t h a t  somewhat l i m i t  i t s  appl icabi l i ty .  I n  order t o  maintain l i n e a r i t y  
of t h e  d i f f e r e n t i a l  equations involved, t h e  authors r e s t r i c t  t h e  ana lys i s  t o  
problems having constant outflow rate, constant  tank  pressure,  and constant 
i n i t i a l  gas and w a l l  temperatures. It was necessary also t o  assume t h a t  t h e  
gas density and veloci ty ,  t h e  gas-to-wall hea t - t ransfer  coef f ic ien t ,  and t h e  
gas and w a l l  s p e c i f i c  heats  are constant. 

Since t h e  assumptions of reference 3 appear t o  be somewhat r e s t r i c t i v e ,  
it w a s  f e l t  t h a t ,  f o r  use with hydrogen, a t  l e a s t ,  a more general  ana lys i s  
should be developed. 
cha rac t e r i s t i c s  of t h e  problem, such as var iab le  gas densi ty  and va r i ab le  tank 
w a l l  s pec i f i c  heat,  t h a t  seemed l i k e l y  t o  inf luence t h e  r e s u l t s  s i g n i f i c a n t l y  
f o r  l i q u i d  hydrogen. No attempt w a s  made t o  keep t h e  equations l i n e a r ,  bu t  an 
e f f o r t  was made t o  keep t h e  ca lcu la t ion  t i m e  down. 

I n  doing this ,  an e f f o r t  w a s  made t o  r e t a i n  all t h e  

The r e su l t i ng  equations a r e  complex, and a numerical so lu t ion  is  c l ea r ly  
indicated.  The equations f o r  t h e  numerical so lu t ion  a r e  developed, and t h e  
procedure f o r  solving them i s  given i n  d e t a i l .  Final ly ,  a comparison of ana- 
l y t i c a l  and experimental results i s  made by using cy l ind r i ca l  t ank  da ta  from 
t h e  experiments described i n  references 1 and 2. These comparisons cover a 
wide range of tank pressures ,  i n l e t  gas temperatures, and l i q u i d  outflow rates. 
Since the present  work w a s  begun, another ana lys i s  has appeared. This ana lys i s  
( r e f .  4 )  includes fea tures  not present i n  the  one t o  be described here;  f o r  
example, thermal conduction i n  the  gas and w a l l ,  and d i f fus ion  of one u l lage  
gas i n t o  another. The assumption of constant r a d i a l  and circumferent ia l  values 
of temperature and ve loc i ty  i s  made i n  both analyses.  Although the  method of 
t he  present repor t  i s  l e s s  comprehensive than t h e  method of reference 4, it i s  
correspondingly simpler and f a s t e r  t o  execute (20  t o  40 see per problem). I n  
addi t ion ,  t h e  numerical methods used i n  t h e  two approaches are qui te  d i f f e r e n t .  
For these reasons,  it i s  f e l t  t h a t  t he  present ana lys i s  i s  a l s o  of i n t e r e s t .  
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ANALYSIS 

Consider t h e  tank, cy l ind r i ca l  except for  t h e  ends, shown schematically i n  
f igu re  1. 
volume (ullage) contains a single-component pressurizing gas. As l i q u i d  is  
withdrawn from t h e  bottom of t h e  tank at  a prescribed rate, gas is  added t o  t h e  
u l l age  at  a rate s u f f i c i e n t  t o  maintain t h e  pressure required at  each ins tan t .  

The tank i s  p a r t i a l l y  f i l l e d  with l iqu id ,  and t h e  remainder of t h e  

Only t h e  cy l ind r i ca l  sec t ion  of t h e  ullage space (i.e., t h e  p a r t  from 
x = 0 t o  x = 2 ( t )  i n  f ig .  1) is  considered i n  this analysis.  Accordingly, 
t h e  terms "inlet", "inlet  gas temperature", and "inlet velocity" will be used 
t o  refer t o  conditions a t  x = 0. 

The analysis  covers t h e  period of t i m e  beginning with t h e  start  of outflow. 
Therefore, t i m e  t = 0 OCCUTS at t h e  start of outflow. " I n i t i a l  conditions" 
are t h e  conditions a t  t i m e  t = 0. 

Assumptions 

The following assumptions are m a d e  i n  an attempt t o  simplify t h e  analysis  
and t h e  subsequent numerical solut ion while re ta in ing  t h e  e s s e n t i a l  features of 
t h e  problem: 

Entering gas moves 
with velocity u(0.t)) 

Gas velocity varies 
in  x-direction 

Liquid surface moves1 
with velocity u(Z,t) 1 

Gas entering 
I I  - 

Ullage gas temperature 
varies in x-direction 
Tank pressure varies 

only with time 
t t t ~ t ~ t t t t t t t  

Saturation temperature 
at liquid surface 

Bulk temperature of 
liquid is  constant 

t 
Liquid leaving 

Figure 1. - Schematic drawing of cylindrical tank. 

-0 

=Ut)  

(1) The U a g e  gas i s  nonvis- 
cous . 

( 2 )  The ullage gas veloci ty  i s  
everywhere p a r a l l e l  t o  t h e  tank axis 
and does not vary r a d i a l l y  or cir- 
cumferentially. 

(3) The tank pressure does not 
vary spa t i a l ly .  

(4) The ullage gas temperature 
does not vary r a d i a l l y  or circum- 
f e r e n t i  a l l y .  

(5) The tank w a l l  temperature 
does not vary r a d i a l l y  o r  circum- 
f e ren t i a l ly .  

(6)  No heat i s  t r ans fe r r ed  ax- 
i a l l y  i n  e i t h e r  t h e  gas o r  t h e  wall. 

( 7 )  No condensation or evapor- 
a t ion  occurs. 

(8) No hea t  i s  t ransfer red  
from t h e  gas t o  t h e  l iqu id .  
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With these  assumptions the problem is  reduced t o  a one-dimensional, non- 
steady, nonviscous-flow problem w i t h  heat addi t ion  i n  t h e  u l l age  gas. 

Assumptions (1) and ( 2 )  lead t o  the  following simple flow model. The 
pressurizing gas en te r s  the tank  uniformly a t  x = 0 ( f ig .  1) with  ve loc i ty  
u ( 0 , t )  and proceeds downward i n  the t ank  with a ve loc i ty  u (x , t )  t ha t  varies 
w i t h  time and ax ia l  l oca t ion  but  not w i t h  radial o r  c i rcumferent ia l  loca t ion .  
That is, no mixing of t h e  u l l age  gas takes place. 

Assumption (3) is  not very r e s t r i c t i v e  i n  rocket applications.  The s m a l l  
changes i n  momentum of t h e  gas from t o p  t o  bottom of t h e  u l l age  r equ i r e  negl i -  
g i b l e  pressure gradients. Also, because of the low gas density,  the  pressure  
grad ien t  due t o  vehic le  acce lera t ion  i s  genera l ly  s m a l l .  

Assumption (4) arises from observation of data obtained a t  the Lewis Re- 
search Center i n  t he  experiments described i n  re ference  1. 
Lewis (performed by Richard DeWitt and o the r s )  with a va r i e ty  of i n l e t  gas d i f -  
f u s e r s  have subs tan t ia ted  t h e  assumption. Only when a s t r a i g h t  i n l e t  pipe, d i -  
r ec t ed  v e r t i c a l l y  downward, w a s  used d i d  any appreciable r a d i a l  temperature 
grad ien t  occur. All t h e  d a t a  on which the assumption i s  based, however, were 
obtained from c y l i n d r i c d  tanks having a low heat leak. The fluid-flow and 
hea t - t ransfer  processes tha t  g ive  r i s e  t o  the nearly r a d i a l l y  constant tempera- 
t u r e s  a re  not understood. Nevertheless, t h e  empirical  f a c t  can be used, and 
the r e su l t i ng  s impl i f i ca t ion  of t h e  problem i s  very grea t .  

Later experiments at  

Assumption (5) is  j u s t i f i e d  by the  high therm& conductivity and t h e  th in -  
ness of the m e t a l  tank w a l l .  

Assumption (6 )  arises from the  low thermal conductivity of the u l l age  gas 
and t h e  r e l a t i v e  thinness of the metal tank  w a l l .  

Assumption (7)  appears t o  be j u s t i f i e d  by t h e  d a t a  of references 1 and 2. 
The tests conducted, however, cannot be considered conclusive on th i s  point. 
Future research, espec ia l ly  on l a r g e r  tanks, may r equ i r e  t h i s  assumption t o  be 
changed. 

Assumption (8) is  based on the  low thermal conductivity of the u l l age  gas. 

Equations 

The bas ic  equations requi red  are the  first l a w  of thermodynamics, the con- 
t i n u i t y  equation, and the  equation of state f o r  a real gas. 
equations used here can be found i n  re ference  5. 
needed since no s p a t i a l  pressure change i s  considered (assumption (3)) .  

The form of t h e  
The momentum equation i s  not 

F i r s t  l a w  of thermodynamics. - Applied t o  a f l u i d  p a r t i c l e  i n  a reversible 
process, t he  first l a w  of thermodynamics can be wr i t t en  (ref. 5, p. 189) 
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- De +--(-)I P D  1 
D t  JDt p Q 

The s p e c i f i c  hea t - t r ans fe r  rate 
t ive o r  negative) is  being added t o  t h e  p a r t i c l e  per u n i t  mass. 
are defined i n  t h e  appendix. ) 
defined by 

Q i s  defined as t h e  rate at  which hea t  (posi- 
( A l l  symbols 

The derivatives appearing i n  equation (1) are 

&- Df x , t )  = - + af x , t )  + u(x,t)  .qg 
where 
rate at which t h e  property 
i t s  path. 

f (x , t )  i s  any f l u i d  property. Physically t h i s  de r iva t ive  represents  t h e  
f (x , t )  i s  changing as a p a r t i c l e  i s  followed along 

The s p e c i f i c  hea t - t r ans fe r  r a t e  Q i n  equation (1) includes heat t r a n s f e r  
from tank  w a l l s  and a l s o  from any pipes, instruments, baffles, or o the r  i n t e -  
r i o r  hardware. 
sumption (4)) ,  t h e  hea t  flow i n t o  t h e  gas i s  not assumed to t ake  place by con- 
duction. Instead, any hea t  flowing to t h e  gas at  an a x i a l  l oca t ion  is  dis- 
t r i b u t e d  i n s t a n t l y  and uniformly throughout t h e  gas a t  t h a t  axial location. 
The s p e c i f i c  rate of heat t r a n s f e r  from t h e  tank w a l l  to t h e  gas at  a po in t  on 
t h e  x-axis is given by 

Since t h e  ullage-gas temperature does not vary r a d i a l l y  (as- 

where Ax is a s m a l l  increment about x as center. S imi la r ly  t h e  s p e c i f i c  
rate of hea t  t r a n s f e r  from other  i n t e r i o r  hardware to t h e  u l lage  gas i s  given 
by 

where qI is  t h e  rate of heat t r a n s f e r  pe r  u n i t  area and C is  an e f f e c t i v e  
perimeter of t h e  i n t e r i o r  hardware. 

Since Q = Q + QI, equations (l), ( 3 ) ,  and (4)  can be combined to give  

With s p e c i f i c  enthalpy defined as 

P i 5 e + -  
JP 

equation (5) becomes 
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Since i is  a funct ion of T and P, d i f f e r e n t i a t i o n  gives  

D i  DP DP 

Using equation (8 )  i n  equation ( 7 )  y i e l d s  

It i s  shown i n  reference 5 (p. 23) t h a t  

1 - (g)T = -  ai 1 (-)I 
JP J Z P p  

Subs t i tu t ing  i n t o  equation ( 9 )  from equation (10) gives  

Equation of state. - The equation of s ta te  f o r  a real gas i s  commonly 
wr i t t en  i n  terms of a compressibi l i ty  f a c t o r  Z(P,T) i n  t h e  form 

where M i s  molecular weight and R i s  t h e  universa l  gas constant. Holding 
pressure constant and d i f f e r e n t i a t i n g  equation (12) r e s u l t  i n  

where 

Subs t i tu t ing  from equation (13) i n t o  equation (11) gives 

- 0. From assumption (3) it follows t h a t  - - 
equation (15) becomes 

Using t h i s  f a c t  and equation (2) ,  ap  
ax 
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. 

Fina l ly ,  using equation (12) t o  eliminate 
ing  y i e l d  

p from equation (16) and rearrang- 

Equation (17) i s  t h e  form of t h e  first l a w  of thermodynamics t o  be used i n  
t h e  analysis.  The q u a n t i t i e s  Z and Z1 depend on t h e  l o c a l  gas temperature 
T and t h e  t ank  pressure P. The s p e c i f i c  heat cp depends primarily on T. 
The hea t - t r ans fe r  coe f f i c i en t  h depends on Tw as w e l l  as T and P. The 
pressure  P i s  a prescribed function of time. The hea t - t ransfer  r a t e  per u n i t  
area t o  t h e  i n t e r n a l  hardware qI must be  known or estimated, and C i s  a 
func t ion  of t h e  geometry of t h e  i n t e r n a l  hardware. 

Tank w a l l  hea t  t ransfer .  - The hea t - t ransfer  equation a t  a poin t  i n  t h e  
t ank  w a l l  can be wr i t t en  

where Q i s  t h e  rate of heat 

(18) 
s, 

(T - T,) + 
2wpwcw 2wpwcw 

h 

addi t ion  pe r  u n i t  area t o  t h e  tank wall from 
outs ide  zhe tank  (90 must be spec i f i ed  as a func t ion  of t i m e ) .  

Continuity equation. - The one-dimensional equation of cont inui ty  can be 
wr i t t en  (ref. 5, p. 182)  

or, by using equation ( 2 )  and rearranging, 

Since Z i s  a function of T and P, d i f f e r e n t i a t i n g  t h e  equation of state 
(12)  gives 



where Z1 i s  given by equation (14) and 

( I n  t h e  spec ia l  case of 
of equation (21) by p 

a pe r fec t  gas Z E Z 1  = 
and using equation ( 1 2 )  

D t  
1 p 2 (L) = - (PZ, DT D t  - TZ2 

D t  p ZTP 

Z2 = 1.) 
give  

Multiplying both sides 

'1 1 DT '2 1 DP 
Z T D t  Z P D t  
_ - - - - - -  

By subs t i t u t ion  from equation ( 2 3 ) ,  equation (20) becomes 

Equations (17), (18), and (24) are t h e  d i f f e r e n t i a l  equations t h a t  de- 
s c r i b e  t h e  problem within t h e  framework of assmpt ions  (1) t o  (8). 

An alternate form of t h i s  equation, which w i l l  be used i n  t h e  numerical so lu-  
t i o n  only a t  t ime zero, is  obtained by subs t i t u t ing  from equation ( 1 7 )  t o  g e t  

I n i t i a l  and boundary conditions. - To determine a unique so lu t ion  of equa- 
t i o n s  (17), (18), and ( 2 5 ) ,  some f u r t h e r  conditions must be specif ied.  A t  t i m e  
t = 0, the  beginning of outflow, t h e  gas and w a l l  temperatures must be pre- 
scribed. 
d i t i o n s  must be known: 
t h e  ou t l e t  flow rate (which determines t h e  ve loc i ty  of t h e  l i q u i d  sur face) ,  and 
t h e  w a l l  and gas temperatures a t  t h e  l i q u i d  surface. 

I n  addi t ion  t o  these  i n i t i a l  conditions,  t h e  following boundary con- 
the va r i a t ion  with t i m e  of t h e  i n l e t  gas  temperature, 

The boundary conditions necessary are commonly prescr ibed i n  t h e  design. 
The i n i t i a l  conditions must be estimated or determined from a separa te  calcula-  
t i o n  or experiment. 

Numerical Solution 

The equations contained i n  t h e  preceding sec t ion  are s o  complex t h a t  a 
numerical so lu t ion  i s  indicated.  The numerical method t o  be presented here  
proceeds i n  the following general  way. F i r s t ,  t h e  d i f f e r e n t i a l  equations in-  
volved are approximated by a lgebra ic  equations a t  a d i s c r e t e  set of po in ts  ( i n  
space and t i m e )  c a l l ed  ne t  points.  Second, t h e  r e s u l t i n g  s e t  of a lgebra ic  
equations i s  solved, and values of T, Tw, and u are obtained t h a t  approxi- 
mate t h e  so lu t ion  of t h e  d i f f e r e n t i a l  equations a t  t h e  n e t  points.  
t h e  solut ion of the a lgebra ic  equations becomes a b e t t e r  approximation t o  t h e  
t r u e  solut ion as t h e  d is tance  between ne t  po in ts  i s  decreased. 

Ordinar i ly  

8 



4- \ *  

N e t  points. - The region of t h e  
x,t-plane i n  which a so lu t ion  i s  sought 
i s  shown schematically i n  f i g u r e  2. 
The boundaries t = tl = 0 and t = tf 
a r e  t h e  times corresponding t o  t h e  be- 
ginning and end of outflow. The bound- 
ary x =  0 is t h e  top  of t h e  cy l indr i -  
c a l  s ec t ion  of t h e  tank ( f ig .  1) , and 
t h e  boundary x = 2 ( t )  i s  t h e  loca t ion  
of t h e  l i q u i d  sur face  at t i m e  t. The 
latter boundary i s  a s t r a i g h t  l i n e  when 
t h e  outflow rate i s  constant with t i m e .  

A t  t i m e  t = tl = 0 a set  of N 
ne t  po in t s  i s  equally spaced i n  t h e  
x-direction, for example, t h e  poin ts  
9,, 9,, q3, and P4 of figure 2. 
A t  t h e  next n e t  value of t i m e ,  t = t 2  
i n  figure 2, net points are loca ted  a t  
each value of x t h a t  w a s  a ne t  value 
of t i m e  t = ti, f o r  example, po in ts  

g5, q6, q7, and p 8 .  I n  addition, a net po in t  i s  placed at t h e  new loca- 
t i o n  of t h e  l i q u i d  surface,  point 9 9  i n  f i g u r e  2. A similar procedure i s  
followed a t  each succeeding ne t  value of time. 

x ~ ;  x-axis 

Figure 2. - Schematic drawing of space-time plane for variable 
outflow rate showing net points for N = 4. 

It w a s  decided t o  keep t h e  d is tance  between ne t  po in t s  constant i n  t h e  
x-direction. 
l i q u i d  surface advances ex?ctly t h e  distance of one ne t  spacing i n  t h e  
x-direction during t h a t  t i m e  step. That i s ,  At i s  chosen such t h a t  

This w a s  done by choosing each t i m e  s t e p  i n  such a way t h a t  t h e  

For constant outflow rates, therefore,  t h e  t i m e  s t e p  i s  constant. I n  general, 
however, At may vary with t i m e ,  as i l l u s t r a t e d  i n  f i g u r e  2. 

It follows t h a t  t h e  e n t i r e  set  of n e t  po in ts  i s  determined by t h e  choice 
of 
t i o n  ( 2 6 ) .  The choice of a suitable value of N (which determines Ax) i s  
l a r g e l y  a matter of experience. Some indication of t h e  accuracy of a so lu t ion  
can be obtained by rerunning t h e  problem with a f i n e r  net. If t h e  results are 
s u b s t a n t i a l l y  changed by t h e  addi t ion  of more n e t  points,  t h e  first n e t  w a s  t o o  
coarse. 

N ( t h e  number of n e t  po in ts  t h a t  divide t h e  i n i t i a l  ullage) and equa- 

I n  t h a t  case, a t h i r d  and f i n e r  net should be used i n  t h e  same way. 

Approximating equations. - Approximations of t h e  d i f f e r e n t i a l  equa- 
t i o n s  (17), (18), and (24) can be m a d e  i n  many ways. General methods f o r  ap- 
proximating d i f f e r e n t i a l  equations are given, for example, i n  references 6 t o  8. 
Some of t h e  approximations t h a t  were t r i e d  f o r  equations (17), (18), and (24)  
proved t o  be uns tab le  i n  t h e  sense t h a t  so lu t ions  of t h e  approximate equations 
o s c i l l a t e d  with r ap id ly  increasing amplitude at  successive time s t e p s  and t h e  
temperatures went ou ts ide  t h e  range of t h e  computing machine. This is  a 
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comonly occurring d i f f i c u l t y  i n  t h e  numerical so lu t ion  of hea t - t ransfer  prob- 
lems (discussed, e. g. , i n  ref. 9). The approximate equations t o  be presented 
here have been used over a very wide range of t h e  design parameters, and they 
appear t o  be stable. 

Denote t h e  net  values of time by ti, t 2 ,  t3, e tc . ,  s t a r t i n g  with tl = 0 
(see  f ig .  2 ) .  Similar ly  denote t h e  ne t  values of x by xl, x2, x3, e tc . ,  
s t a r t i n g  with xl = 0. 
i c a l  ne t  point ( X i J t j ) ,  not on a boundary. 

The approximating equations w i l l  be wr i t ten  at  a typ- 

The following notation i s  used f o r  any dependent var iab le  f (x , t )  : 

f i  = f(xi,tjel) 

f; = f ( X i , t  .) J 

Thus, a subscript  r e f e r s  t o  t h e  space var iab le  x, and t h e  prime refers t o  a 
s t e p  forward i n  time. 

With t h i s  notat ion t h e  algebraic  equation t h a t  approximates equation (24) 
a t  a ne t  point (xi,t . )  is  J 

where 

A t  = t j  - tjml 

Rearranging gives 

Next, d i f f e r e n t i a l  equation ( 1 7 )  i s  approximated a t  t h e  net  point  (xi, t . ) J 
by 

Y 
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The a s t e r i s k  on a quant i ty  ind ica tes  t h a t  t h e  quant i ty  i s  e i t h e r  t o  be evalu- 
a t ed  a t  t = tj-l o r  else at t = t j  by a process of i t e r a t i o n  t o  be de- 
scribed. 

Equation (18) i s  approximated at (xi,t.) by 
J 

Y Y 

Solving equation (29) f o r  T$,i gives 

Subs t i tu t ing  Ti , i  from equation (30) i n t o  equation (28) and rearranging give 

+ Ti) = 0 (31) 
- ai * (<E 

where 

Equation (31) i s  quadrat ic  i n  Tf. 

F ina l ly ,  equation (25) is  approximated at  ne t  po in ts  (%,tl) by 



A s  described i n  t h e  next sec t ion ,  equations (27 ) ,  (30) ,  (31) ,  and (33), along 
with t h e  prescribed i n i t i a l  and boundary conditions,  determine t h e  numerical 
so lu t ion .  

Method of solution. - The following q u a n t i t i e s  must be supplied i n  order 
f o r  t h e  solution t o  proceed: 

(1) A t  time t = 0 t h e  values of gas temperature T and w a l l  temperature 
Tw as functions of x ( i n i t i a l  conditions) 

( 2 )  On t h e  boundary x = 0 t h e  value of i n l e t  gas temperature T as a 
function of time (boundary condition) 

(3) A t  t h e  l i q u i d  sur face  x = 2 ( t )  t h e  value of gas temperature T, w a l l  
temperature Tw, and ve loc i ty  u as functions of t i m e  (boundary con- 
d i t  ions ) 

( 4 )  Tank pressure P, ou ts ide  heating rate %, i n s i d e  heating r a t e  qI 
(along with t h e  geometric f a c t o r  
of t i m e  

C ) ,  and outflow rate as func t ions  

(5)  Constant value of hea t - t r ans fe r  coe f f i c i en t  h, or  an equation by 
which h can be ca lcu la ted  a t  each ne t  po in t  from values of T, Tw, 
and P 

( 6 )  Tank rad ius  r, i n i t i a l  u l l age  length  2 ( 0 ) ,  and w a l l  thickness 2, 

( 7 )  Tank w a l l  material proper t ies :  density p, and s p e c i f i c  heat cw(T,) 

(8)  Pressurizing gas p rope r t i e s :  molecular weight M, s p e c i f i c  hea t  
cp(T), and compressibil i ty f a c t o r  Z(P,T) 

( 9 )  Total  t i m e  f o r  run 

(10) Number of ne t  points N t o  be used i n  i n i t i a l  u l l age  space 

The so lu t ion  proceeds i n  t h e  following way. A t  t i m e  t = tl = 0 t h e  r i g h t  
s i d e  of equation (33) can be evaluated from known quant i t ies .  The term Ax i s  
i s  known from Ax = 2(O)/(N - 1). Furthermore, t h e  ve loc i ty  u is  known a t  
t h e  l i qu id  sur face  (e. g., a t  po in t  q4 i n  f i g .  2 ) .  Then, equation (33) can 
be solved successively f o r  u a t  po in t s  g3, g2, and gl. 

a t  each ne t  point a t  t i m e  Having obtained values of u t = tl = 0, 
1 

a t t e n t i o n  i s  turned t o  equation (31), which i s  quadratic i n  T i .  If T; i s  t o  
be  t h e  temperature a t  poin t  
coef f ic ien ts  of t h e  quadratic equation, except Timl,  a r e  known. But T l - 1  i s  
t h e  temperature a t  
quan t i t i e s  marked with an a s t e r i s k  would, i f  prac t icable ,  be evaluated at  time 
t = t2. 
t = tl = 0. 

g,, then a l l  t h e  temperatures occurring i n  t h e  

p5, so it is known from t h e  boundary conditions. The 

A s  a f i r s t  approximation, however, t hese  q u a n t i t i e s  are evaluated a t  
With t h i s  done, t h e  coef f ic ien ts  of t h e  quadra t ic  equation (31) 
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are known, and t h e  equation can be solved f o r  T a t  9 6 .  With T known at 
8, t h e  equation can be applied again, T; being t h e  temperature a t  g7. 
This process continues giving successively a l l  t h e  gas temperatures down through 
g 8  a t  t h e  new net  t i m e .  A t  89, T i  i s  known from t h e  boundary conditions. 

The gas temperatures are then known at  all t h e  ne t  points  a t  t i m e  t = t2. 
I n  a similar way, equation (30) gives all the w a l l  temperatures at  t h e  new ne t  
t i m e .  Note t h a t  equation (30) i s  used f o r  the w a l l  temperature a t  g5 s ince  
t h i s  is  not given as a boundary condition. 

With T and Tw known a t  t h e  new time t = t2 equation (27) can be ap- 
p l i e d  t o  give values of uf a t  t = t2. Note t h a t  equation (33) i s  used only  
a t  t = tl = 0. 

Recall  t h a t  t h e  quan t i t i e s  i n  equation (31) marked with an a s t e r i s k  were 
evaluated at t i m e  Now these  quanti- 
t i e s  can be reevaluated at  time t = t 2  based on t h e  values of T, Tw, and u 
j u s t  ca lcu la ted  at 
temperatures T I  at  t i m e  t = t2 can be recomputed from equation (31). Simi- 
l a r l y ,  t h e  temperatures Tw,i a t  t i m e  t = t 2  can be recomputed from equa- 
t i o n  (30). Final ly ,  t h e  ve loc i t i e s  4 at t = t2 can be recomputed at  
t = t 2  
t i m e s  as desired before proceeding with t h e  solution. I n  p rac t i ce  t h e  itera- 
t i o n  has not contributed s ign i f i can t ly  t o  improve the accuracy. No i t e r a t i o n  
is  used i n  t h e  examples presented i n  t h e  sect ion COMPAFUSOM OF CAKTJLA!ED AND 
EXPEZIMENTAL RESULTS. 

t = tl = 0 when t h a t  equation w a s  used. 

t = t2. With these  new values of t h e  coef f ic ien ts ,  the 

t 

from equation (27).  This i t e r a t i o n  process can be ca r r i ed  out as many 

With t h e  values of T, Tw, and u now known at  t = t2 t h e  solut ion can 
It i s  c l e a r  t h a t  t h e  order of operations w i l l  be t h e  same proceed t o  t = t3. 

i n  going f r o m  tl t o  t2 and i n  going from t2 t o  t3. Thus, t h e  solut ion 
proceeds i n  t h i s  way from one ne t  time t o  the next u n t i l  t h e  problem is  f i n -  
ished. 

A s  a p a r t  of t h e  so lu t ion  j u s t  described t h e  i n l e t  gas ve loc i ty  
found at  each ne t  t i m e .  These ve loc i t i e s  can be used t o  ca l cu la t e  t h e  m a s s  
flow rate of t h e  pressurizing gas i n t o  the  tank. Alternately,  t h e  m a s s  flow 
rate can be found by in tegra t ing  t h e  gas density i n  t h e  tank a t  each net  t i m e .  
Both methods of computing mass flow r a t e  were used, and t h e  values of t h e  two 
were compared as an ind ica t ion  of t he  adequacy of t h e  n e t  s ize .  

u ( 0 , t )  i s  

COMPARISON OF CALCULATED AND EXPERJ3ENTA.L IiEsuLTS 

A number of examples, corresponding t o  experiments previously conducted at  
t h e  Lewis Research Center (by t h e  procedure described i n  ref. 1) and o thers  a t  
t h e  Lockheed-Georgia Company (ref. 2 ) ,  were calculated by t h e  method described 
i n  t h i s  report .  The calculated pressurant-mass requirements are compared i n  
t h i s  sec t ion  with t h e  experimental values. I n  addition, f o r  t h e  Lewis exam- 
ples ,  t h e  calculated and experimental temperature d i s t r ibu t ions  a r e  a l s o  com- 
pared. 
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TABLE I. - EXPERIMENTAL VALUES FOR LFWIS MAMPLES 

I n i -  
tial 

in le t  
w a l l  

;emper - 
t ture , 

OR 

206 
210 
170 
157 
194 

176 
207 
1 6 1  
153 
148 

:xamp1< 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

Pres-  
sur- 
izing 
gas 

H2 
H2 
H2 
H2 
H2 

H2 
He 
He 
He 
He 

Tank 
pres- 
sure, 
lb 

39 i n .  

160 
1 6 1  
57 
58 

164 

40 
15 9 
15 9 
15 9 

40 

I n i -  
tial 

ul lage 
depth, 

ft 

Out - 
flow 
r a t e ,  
cu f t  

sec 

0.066s 
.2375 
.078C 
.2238 
.234C 

.255C 

.Of534 

.2598 

.2365 

.0705 

Heat G a s  
t o  temper 

i n t e r -  a ture  
nal at 

hard- i n t e r -  

- 
rime 

of 
out - 
flow, 

sec 

- 
350 

93 
284 
101 

95 

88 
355 

90 
100 
309 

Wall 
temper- 
a ture  
a t  

i n t e r  - 
face, 

OR 

I n i -  
tial 
i n l e t  

gas 
temper - 
ature ,  

OR 
ware, 

Btu 
q1C , 
rn 

0.525 
.467 
.483 
.375 
.583 

face,  
OR 

.483 

.658 

.675 

.458 

.442 

0.334 
1.462 

1 . 2 1 3  
.628 

1.577 385 
5 21 

46 524 
46 324 

347 

Heat- 
t r a n s f e r  

coe f f i - 
c ien t  

Btu 
Isq f t ) ( h r ) ( % )  

13.75 
12.25 

7.09 
6.67 

11.34 

5.13 
1 2 . 3 1  
11.15 
10.45 

5.25 

9emperatures var ied with time between two values shown. 

The ca lcu la t ions  were ca r r i ed  out on an IBM 7094-11 computer. The average 
computing t i m e  f o r  t h e  1 9  examples was 24 seconds per  example. The number of 
n e t  points ranged from 20 a t  t i m e  zero t o  100 t o  200 at  t h e  end of outflow. 

Lewis Experiments 

I n  reference 1 t h e  authors descr ibe some liquid-hydrogen expulsion exper- 
iments. The tank used was 27 inches i n  diameter and 89 inches i n  ove ra l l  
l ength  with dished-head ends. 
less s t e e l  plate .  
a vacuum jacket  surrounding t h e  e n t i r e  tank. 

It w a s  constructed of 5/16-inch-thick 304 s t a in -  
Heat leak w a s  reduced t o  40 Btu per  hour pe r  square foo t  by 

The i n l e t  gas d i f fuse r  w a s  designed t o  d i r e c t  t h e  flow v e r t i c a l l y  down- 
The inner  sur face  of t h e  ward w i t h  a f l a t  ve loc i ty  p r o f i l e  across t h e  tank. 

tank  dome was insu la ted  with a 1/2-inch l a y e r  of cork. 
o r  o ther  fea tures  (except f o r  instrumentation) were present t o  d i s tu rb  t h e  
flow. The instrumentation, described i n  d e t a i l  i n  reference 1, provided a 
s ign i f i can t  heat s ink  i n  some of the  runs. 

No s losh  ba f f l e s ,  r i b s ,  

I n  order t o  t es t  t h e  ana ly t i ca l  model and method of so lu t ion  described i n  
t h i s  report ,  10 runs were se lec ted  f o r  analysis.  These include pressur iza t ion  
w i t h  both hydrogen and helium, and they span a range of o u t l e t  flow rates, tank 
pressure l eve l s ,  and i n l e t  gas temperature var ia t ions.  Some of t h e  data,  ob- 
t a ined  i n  t he  experimental inves t iga t ion  described i n  reference 1, have not 
been published previously. 

Table I gives  values of t h e  quan t i t i e s  (obtained from experimental da ta )  
t h a t  must be known, i n  addi t ion t o  t h e  tank material and dimensions, t o  carry 
out  a solution. 
periments were nearly l i n e a r ,  so  t h a t  t he  values at each point  i n  t h e  u l lage  

The i n i t i a l  gas and w a l l  temperature d i s t r ibu t ions  i n  t h e  ex- 
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(a) Example 1. 
5% 
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0 1 0 0 2 0 0 3 0 0  

(e) Example 5. 
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(a) Examole 7. 
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(b) Example 2. 

(d) Example 4. 

500 

300 
0 2 0 4 0 6 0 8 0 1 0 0  

700 

500 

300 
0 1 0 0 2 0 0 3 a l m  

Time, t, set 

(i) Example 9. 

Lewis examples. 

Cj) Example 10. 

Figure 3. - merimental  inlet gas temperature distributions for 

are detemined by the gas and w a l l  
temperatures given i n  tab le  I. The 
constant heat-transfer coefficients 
shown i n  tab le  I were obtained f o r  
each example by averaging the  ex- 
perimentally obtained loca l  d u e s  
over both space and time. 
smal l  heat-flow rate from the out- 
s ide in to  the  tank wall w a s  ne- 
glected i n  all cases. The constant 
values of heat-flow rate t o  the  in- 
t e rna l  hardware t h a t  appear i n  
t ab le  I are averages based on es- 
timated t o t a l  heat flow t o  the 
hardware. 

The 

I n  addition t o  the  quantit ies 
shown i n  t ab le  I, the  variation 
with time of the  i n l e t  gas temper- 
ature must be prescribed. 
peratures used, i n  accordance with 
the  assllmptions of the  analysis, 
a re  those measured at  the top of 
the cyl indrical  part of the tank 
(at x = o i n  f ig .  1). The ex- 
perimental temperature-time varia- 
t ions f o r  the 10 examples are 
given i n  figure 3. Both increas- 
ing and decreasing variations of 
i n l e t  temperature are represented. 

The tem-  

The values of specif ic  heat 
used f o r  the tank w a l l  and f o r  the 
hydrogen gas a re  given i n  table 11. 
Values at atmospheric pressure were 
used i n  all cases. The specif ic  
heat of helium gas w a s  taken t o  be 
constant, equal t o  1.31 Btu per 
pound per O R  
press ib i l i ty  fac tor  

The values of com- 
Z( P, T) were 

computed f r o m  the  PVT values of reference 10. For helium Z = 1.-0 is  ade- 
quate since t h e  temperature does not get below liquid-hydrogen temperature. 

Figure 4 shows the  calculated gas temperatures i n  the  ullage at several 
t i m e s  during outflow f o r  example 1. 
tures at these same t i m e s .  I n  figure 5 the  same comparison is  m a d e  f o r  the  
tank w a l l  temperatures. Figure 6 presents the gas and w a l l  temperatures, both 
calculated and measured, at the end of outflow f o r  each of the 10 examples. 
Although the agreement i s  generally good, the calculated temperatures are con- 
s i s t en t ly  high i n  the lower par t  of the  tank. 

Also shown are the measured gas tempera- 
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TABU 11. - SPECIFIC HEAT FOR STAINLESS 

STEEL AND HYDROGEN GAS 
~ 

Sta in less  s t e e l  

Cemper - 
%ture ,  

OR 

46 
50 
60 
80 
100 

140 
180 
220 
260 
300 

360 
420 
500 
600 

0.0010 
.0028 
.005 2 
.0121 
.0202 

.0385 

.0569 

.0710 

.0821 

.0906 

.0990 

.lo48 

.1110 

.1175 

Hydrogen gas 

remper - 
%ture,  

OR 

36.7 
54 
72 
91 
108 

126 
144 
162 
180 
216 

288 
360 
468 
5 40 

3pecific heat, 
Btu/ (Ib (OR 

2.85 
2.59 
2.53 
2.51 
2.51 

2.53 
2.57 
2.62 
2.68 
2.82 

3.07 
3.24 
3.38 
3.42 

Temperature, OR 

Figure 4. - Gas temperature distributions at three outflow times for 
example 1. 

A comparison of measured and 
ca lcu la ted  total-pressurant-mass re- 
quirements i s  given i n  t a b l e  111. 
The average deviat ion of ca lcu la ted  
values from experimental. values i s  
5.1 percent; t h e  m a x i m u m  deviat ion 
i s  1 2 . 0  percent. 

Lockheed- Georgia Company 

Experiments 

Reference 2 repor t s  t he  r e s u l t s  
of hydrogen-expulsion experiments 
using a 40-inch-diameter tank, LOO 
inches i n  ove ra l l  length. The tank 
was made of s t a i n l e s s  s t e e l  0.090 
inch thick.  The tes t  tank was en- 
closed i n  a 60-inch-diameter vacuum- 
t i g h t  carbon steel  tank. A gas d i f -  
fu se r  was loca ted  i n  t h e  top  of t h e  
tank, and an an t ivor tex  baffle was 
i n  t h e  bottom. Perforated conical  
s losh  b a f f l e s  were loca ted  at  var i -  
ous axial posit ions.  A probe was 
located on t h e  tank center l ine ,  with 
r e s i s t o r s  f o r  measuring gas and l i q -  
u id  temperature. Thermocouples were 
welded t o  the  tank w a l l .  

Tests a r e  reported i n  refer- 
ence 2 for various values of i n l e t  
temperature and i n i t i a l  ullage.  
H e l i u m  was used f o r  pressurizat ion 
i n  one case. Sloshing of t h e  l i q -  
uid w a s  induced i n  a l l  but one case. 

Table I V  gives the  necessary 
experimental input data f o r  t h e  
ana lys i s  as reported i n  reference 2. 
(Two experimental runs, i n  which 
leaks i n  t h e  vacuum jacket occurred, 
a r e  omitted from t a b l e  I V . )  
der  t o  apply the  cy l ind r i ca l  tank 
ana lys i s  t o  t h e  experimental tank, 
which has a nearly spherical  bottom, 
t h e  following device was used: 
ac tua l  tank w a s  replaced f o r  t he  
purpose of t h e  analysis  by an equiv- 
a l e n t  cy l ind r i ca l  tank having t h e  
same diameter and volume. 

In  or- 

The 
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time, 
sec 

320 
Calculated 

The equivalent cylindrical  tank is  
about 6 inches shorter than the actual 
tank. This change i n  length causes a 
comparison of a x i a l  temperature distri- 
butions t o  have l i t t l e  meaning, so tha t  
only pressurant-mass requirements are 
compared. 

Table V gives the  comparison of 
calculated and experimental values of 
t o t a l  required pressurant mass. 
erage deviation of calculated resu l t s  
from experimental r e su l t s  i s  4.4 percent. 
The maximum deviation i s  7.7 percent. 
The good agreement, even w i t h  the  occur- 
rence of sloshing i n  the experiments, i s  
par t ia l ly  a t t r ibuted t o  the  t h i n  w a l l  of 
the  tank. The tank w a l l  i s  thinner than 
i n  t h e  Lewis experiments, and the effect  
o f  heat t ransfer  compared t o  the e f fec t  
of  volume displacement on the pressurant- 
m a s s  requirement is  thereby smaller. The 
accuracy of any analytical  method of pre- 
dicting pressurant m a s s  increases as the 
relat ive importance of the heat t ransfer  
i n  t h e  problem decreases. 

The av- 

1 / 1 1  

D 400 500 
Temperature, 'R 

Figure 5. -Wal l  temperature distributions at three out- 
flow times for example 1. 

Effects of Internal Hardware, Real-Gas Properties, and 

Heat-Transfer Coefficient 

I n  order t o  examine the effect  of neglecting heat t ransfer  t o  the  internal  
hardware, all of the Lewis experiments were rerun with (The Lockheed 
experiments were calculated originally w i t h  qI = 0 since no estimate f o r  q I  
w a s  available.)  The resu l t s  i n  terms of pressurant-mass requirement are shown 
i n  table VI. 
lated from experimental. values i s  12.9 percent, compared t o  5.1 percent ob- 
tained previously using values of qI estimated from experimental data 

qI = 0. 

W i t h  qI = 0, f o r  the Lewis runs, the average deviation of caLcu- 

An examination w a s  made also of the effect of using a perfect-gas equation 
of s t a t e  (Z(P,T) = 1.0) i n  the calculations. 
t ab le  VI. 
gas i s  used is  5.7 percent for the  Lewis cases and 3.2 percent f o r  the Lockheed 
cases compared w i t h  5.1 and 4.4 percent, respectively, obtained previously f o r  
a real gas. 

The results again are shown i n  
The average deviation from the experimental resu l t s  when a perfect 

Finally, the experimental average values of heat-transfer coefficient were 
replaced i n  all the calculations by values computed loca l ly  from the  free- 
convection formula (ref. ll, p. 1 7 2 )  

17 
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Temperature, OR 

(c) Example 3. (d) Example 4. 

Figure 6. - Comparison of calculated and experimental gas and wall temperatures at end of outflow. 

(b) Example 2. 
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(jl Example 10. 

Temperature, OR 

(i) Example 9. 

Figure 6. - Concluded. Comparison of calculated and experimental gas and wall temperatures at end of outflow. 

TABU 111. - PRESSURIZATION MASS 

RFQUIREbENTS FOR LEWIS EXAMPLFS 

txampl e 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

: v e r i  - 
iental 
mass, 
me , 
Ill 

3.98 
2.72 
1.76 
1.24 
3.76 

.83 
8.14 
5.55 
9.24 
2.70 

calcu- 
la ted  
mass, 
mc 9 

lb 

3.55 
2.60 
1.68 
1.27 
3.51 

.93 
7.61 
5.57 
8.48 
2.56 

Deviation, 

m, 
fic - me x 100 

percent 

-0.75 
-4.41 
-4.54 
2.42 
-6 -65 

12.04 
-6 -51 
- .36 
-8.23 
-5.18 

The average deviat ion from t h e  experimental 
r e s u l t s  i s  7.4 percent for t h e  Lewis cases 
and 4.9 percent f o r  t h e  Lockheed cases com- 
pared with 5.1 and 4.4 percent, respect ively,  
obtained with an experimental hea t - t ransfer  
coef f ic ien t .  

20 



TABLE IV. - l 3 x x . K m A . T J  VALUES FOR LOCKHEED EXAMPLES 

Example 3me 
of 

>ut - 
‘low, 
sec 

- 

89 
103 
120 
87 
99 

95 
1ll 
97 
105 
- 

Heat 
t o  

i n t e r -  
n a l  

hara- 
ware, 
Btu 

(- 

Tasik 
pres- 
sure,  
l b  
sq i n .  

45.5 
47.6 
46.5 
46 -5 
45.5 

47 -0 
45.0 
46.2 
45.5 

Ini- 
t i a l  

depth, 
f t  

U l l a g e  

( b  1 
0.876 
1.141 
.684 

1.758 
.825 

.709 
1.008 
.692 
.943 

Gas 
temper. 
a ture  
a t  

in te r -  
face,  
91 

a45 
45 
45 
45 
45 

45 
45 
45 
45 

W a J l  
temper- 
a ture  
at 

in te r -  
face, 
OR 

I n i  - 
tial 
i n l e t  
gas 

teniper- 
a ture ,  
91 

300 
520 
300 
300 
300 

300 
300 
300 
300 

Ini- 
tidl 
i n l e t  
W a l l  

temper- 
ature,  

OR 

a300 
a500 
262 
236 
218 

243 
300 
277 
262 

Heat - 
t r ans fe r  

coef f i -  
c ien t ,  
Btu 

tsq f t ) ( h f ) ( %  

11 
12 
13 
14 
15 

16 
17 
18 
19 

). 672 
.560 
.511 
.607 
.609 

.644 

.530 

.632 
-565 
- 

445 
45 
45 
45 
45 

45 
45 
45 
45 

11.5 

11.3 
12 -0 
12.1 

12.3 
11.8 
11.7 
13.9 

d12 .o 

aComputed from reported outflow time, tank volume, and percent, i n i t i d  ullage.  
bComputed from reported percent i n i t i a l  ullage by neaec t ing  curvature of tank ends. 
‘No information ava i lab le  t o  estimate heat flow t o  in te rna l  hardware. 
‘Estimated, not given i n  r e f .  2. 

TABLF: VI. - COMPARISON OF PWSURp_NT MASS mQUIRFSIENTS 

Mass of presswant ,  l b  kxample 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 

kperimental ‘reviously 
alculated 

‘or zero 
[eat f l o i  

t o  
n t e r io r  
.ar dwar e 

3.70 
2.36 
1.50 
1.05 
3.31 

.69 
7.18 
5.03 
8.19 
2.25 

---- 
---- 
---- 
---- 
---- 
---- 
---- 
---- 
---- 

From 
:omputed 
heat - 
zans fe r  
:oeff i- 
cien t  

4.07 
2.90 
1.79 
1.43 
3.81 

1.06 
7.81 
6.17 
9.04 
2.76 

2.61 
1.99 
2.84 
2.43 
5.42 

2.35 
2.63 
2.73 
2.70 

TABLE V. - P R E S S U R I W I O N  MASS RE- 

QUIREXQBTS FOR LOCXXED FXAMPLFS 

Z a l C U -  

Lated 
nas s > 

me > 
l b  

Deviation, I Example 

14 

16 
17 
18 
19 

k p e r i -  
i en ta l  
mass, 

% J  

l b  

2.61 
2.13 
2.86 
2.57 
5.79 

2.47 
2.81 
2.81 
2.88 

3.98 
2.72 
1.76 
1.24 
3.76 

.83 
8.14 
5 -59 
9.24 
2.70 

2.61 
2.13 
2.86 
2.57 
5.79 

2.47 
2.81 
2.81 
2.88 

3.95 
2.60 
1.68 
1.27 
3.51 

.93 
7.61 
5.57 
8.48 
2.56 

2.81 
2.24 
3.05 
2.65 
5.89 

2 -58 
2.86 
2.95 
3.00 

3.79 
2.55 
1.64 
1.25 
3.45 

.91 
7.61 
5.57 
8.48 
2.56 

2.77 
2.21 
3.01 
2.61 
5.89 

2.56 
2.82 
2.91 
2.96 
__ 

-x 100,j 
me 

I percent 

2.81 
2.24 
3.05 
2.65 
5.89 

2.58 
2.86 
2.95 
3 .OO 

7.67 
5.17 
6.64 
3 .ll 
1.73 

4.45 
1.78 
4.98 
4.17 
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CONCLUDING REMARKS 

The preceding r e s u l t s  i nd ica t e  a good agreement between predicted pres- 
surant  requirements and experimental values f o r  both Lewis and Lockheed experi-  
ments. I n  addition, f o r  t h e  Lewis experiments, t h e  w a l l  and gas temperatures 
showed good agreement. This may ind ica t e  t h a t  t h e  ana lys i s  can be successful ly  
used t o  invest igate  t h e  e f f e c t  of various parameters i n  t h e  tank  pressur iza t ion  
problem. 

Lewis Research Center 
N a t i o n a l  Aeronautics and Space Administration 

Cleveland, Ohio, October 28, 1964 
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A P r n I X  - SyMBOLs 
e f f e c t i v e  perimeter of i n t e r i o r  hardwase, ft 

gas s p e c i f i c  heat  , Btu/( lb) (41) 
w a l l  s p e c i f i c  heat ,  Btu/(lb)(%) 

s p e c i f i c  i n t e r n a l  energy, Btu/lb 

Grashof number 

hea t - t ransfer  coef f ic ien t ,  Btu/( s q  f t ) ( s e c )  ( O R )  

s p e c i f i c  enthalpy, Btu/lb 

mechanical equivalent of heat,  ft-lb/Btu 

thermal conductivity, Btu/( f t )  ( s ec )  (OR) 

x-coordinate of in te r face ,  f t  

c h a r a c t e r i s t i c  length,  2 + r, f% 
w a l l  thickness,  f t  

molecular weight 

ca lcu la ted  pressurant  mass, l b  

experimental pressurant mass, lb 

number of ne t  po in ts  at  time zero 

pressure,  lb / sq  f t  

Prandt l  number 

spec i f i c  hea t  t r a n s f e r  rate from gas, Btu/(lb) (sec)  

s p e c i f i c  heat  transfer rate from gas t o  i n t e r i o r  hardware, Btu / ( lb) (sec)  

s p e c i f i c  hea t  t r a n s f e r  r a t e  from gas t o  wall, Btu/ ( lb) (sec)  

heat  t r a n s f e r  r a t e  per u n i t  a rea  from i n t e r i o r  hardware, Btu/(sq f t ) ( s e c )  

heat  t r a n s f e r  rate t o  w a l l  from outside,  Btu/(sq f t ) ( s e c )  

un iversa l  gas constant,  ft-lb/(lb) (mole) (%) 

tank radius ,  f t  
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T 

T W  

t 

At 

tf 

U 

X 

& 

Z 

z1 

z2 

* a 

P 

i 

PW 

gas temperature, OR 

w a l l  temperature, OR 

time, sec  

time increment, sec  

time at  end of outflow, sec 

gas veloci ty ,  f t / s e c  

coordinate i n  d i r ec t ion  of tank  ax is ,  f t  

space increment, f t  

compressibil i ty f a c t o r  

defined by eq. ( 3 2 )  

gas s p e c i f i c  weight, lb/cu f t  

w a l l  s p e c i f i c  weight, lb/cu f t  

Subscripts : 

i , j  

Superscr ipts  : 

t next time s t e p  

* quantity t o  be evaluated at  t = t or a t  t = t 

t j  
quantity evaluated at  ne t  point ,  xi, 

j -1 j 
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